The springlike protein titin is a key regulator of heart muscle mechanics. At the half-sarcomere ( Fig. 1 A) , the smallest functional unit of cardiac muscle, titin is responsible for producing a passive force when the heart is stretched during diastolic filling of the ventricles. The passive force, added to the active force produced by interactions between the thick and thin filaments, is responsible for the power output of the heart. Each single titin molecule spans the entire half-sarcomere, from the Z disk to the M band in the center of the thick filaments (3) . The region of titin responsible for passive force development and changes in sarcomere stiffness is located in the I-band of the half-sarcomere (4) ( Fig. 1 B) . Although there are three titin isoforms in the heart (2), the I-band region contains, in all isoforms, tandem immunoglobulin (Ig) domains, the PEVK (Proline, Glutamate, Valine, and Lysine) domain, and the cardiacspecific N2B element (1) . The N2B element consists of a large unique sequence of 575 residues (N2B-Us), three flanking Ig domains (I24-I26), and two smaller unique sequences (21 and 67 residues in size). Recently, studies have shown that posttranslational modifications, such as phosphorylation and arginylation, may change the mechanical characteristics of titin, with physiological consequences for the heart (7, 9) . Although different sites of cardiac titin are associated with posttranslational modifications, the N2B-Us is the preferential targeted site for phosphorylation (9) .
There are different pathways for phosphorylation of the N2B domain. Recent studies have revealed two specific kinases that play essential roles in titin phosphorylation: a calcium/ calmodulin-dependent protein kinase II (CaMKIId) (5, 6) , and the extracellular signal regulated kinase 2 (ERK2) (8) ( Fig. 1 B) . These pathways have yet to be fully understood. Phosphorylation of titin by CaMKIId has been reported during ischemia reperfusion injury, causing an increase in the phosphorylation level of CaMKIId sites on titin (6) . The potential effects of this kinase cannot be underestimated: CaMKIId is the predominant CaMKII isoform in the heart, and phosphorylates many Ca 2þ -handling proteins and myofilament proteins, conferring a global effect in the heart. ERK2 is also important, as it phosphorylates three serine residues in the N2B-Us of titin-S3918-, S3960-, and S4010 regions that are closely associated with the flexible domain of the molecule (8) .
Although it is known that CaMKIId and ERK2 phosphorylate the N2B-Us region of cardiac titin, the mechanical effects of these kinases have not been investigated. In a previous issue of Biophysical Journal, Perkin et al. (10) present results from a timely study in which they investigated the effects of CaMKIId and ERK2 phosphorylation on the mechanics of single titin molecules as well as on titin molecules integrated in the myocardium. For single molecule measurements, the authors used two different constructs: 1) the entire human titin exon 49 sequence I24-26, N2B-Us, with intermediate unique sequences; and 2) a construct containing only the N2B-Us flanked on both sides by two I24 domains. They performed elegant mechanical experiments using atomic force microscopy ( Fig. 1 C) and measured the unfolding force, contour length, and the persistence length (Lp) of the constructs. The Lp is indicative of the stiffness of the molecule; an increase in Lp indicates that titin needs to extend to longer lengths to exert the same force, i.e., the molecule is more compliant. The authors observed that Lp of the full construct was increased after phosphorylation with ERK2 (the smaller construct was not tested with this kinase). Furthermore, both constructs had increased Lp after phosphorylation with CaMKIId. Because the Lp increase was observed in both constructs, the effect of CaMKIId-induced phosphorylation of the N2B element does not rely on the small unique sequences flanking the native I24. All these findings suggest that the stiffness of the molecule was decreased by phosphorylation; as a matter of fact, in all three experimental conditions, the Lp had the same value after phosphorylation. Additional experiments performed under artificially created oxidizing conditions showed that the increase in Lp requires the N2B-Us of the N2B element. Finally, the authors went on to measure the effects of phosphorylation on the passive force produced by permeabilized myocardium, in a stretch-shortening cycle protocol designed to repeat the heart cycle. These experiments are important, as they mimic the environment where titin molecules work in the heart, in a three-dimensional sarcomere lattice. Consistently with the findings with single molecules, the authors observed that the passive forces were decreased in muscles that have been treated with the kinases, supporting the idea that passive force is reduced by phosphorylation.
The study by Perkin et al. titin, its biophysical properties, and physiological role. The experiments were conducted with technical and sci-entific rigor, and produced convincing results. Naturally, similar to other single molecule spectroscopy studies, this work also presents new questions. One important issue that remains to be understood is how phosphorylation increases the persistence length. Does titin contain elements that undergo structural changes when negatively charged phosphate is added to the molecule? To answer this question, changes in the bending rigidity of the N2B-Us associated with posttranslational modification need to be studied with high-resolution structural techniques. Furthermore, to directly associate phosphorylation induced by CaMKIId and ERK2 with physiological effects, we need to better know the in vivo phosphorylation status of titin. Thus, this study opens multiple doors for future investigation into an area of much importance in the field of biophysics: the molecular mechanisms behind regulation of heart mechanics through posttranslational modification of titin. The possibilities in this scientific area are vast and the potential experimental outcomes exciting.
